This work focused on the heat transfer of the mixing process resulting from a hollow-cone spray evaporation in high-temperature gas crossflow in a confined mixing space. The study was carried out in a rectangular duct with a cross-sectional area of 95 × 95 mm. The temperatures on four cross sections (45 measuring points on half of a cross section) of crossflow were measured using thermocouples. The temperature pattern of gas crossflow caused by the evaporation of hollow-cone spray was obtained, and the effects of factors such as crossflow velocity, crossflow temperature, spray droplet size, and spray injection angle on the temperature pattern were investigated. The main findings of this study were as follows: 1) The polydispersed hollow-cone spray droplets and the droplet-wall impingement made the heat transfer on the cross section of the flowfield inherently nonuniform. 2) The mixing flowfield fell into five regions characterized by different heat transfer mechanisms.
T HE mixing of liquid spray (jet) in gas crossflows is an important topic in the areas of propulsion, combustion, cooling, and the pharmaceutical industry. For example, in propulsion engineering, some engines (e.g., hydroreactive metal fuel engines [1, 2] ) use liquid coolant (also as working substance addition) injection in the mixing chamber, in which the spray evaporates in a high-temperature fuel gas crossflow discharged from the combustion chamber. The mixing chamber is generally small (e.g., less than 100 mm in diameter), and this requires the mixing to be well accomplished as soon as possible after the liquid is atomized to the hollow-cone spray droplets by the pressure-swirl nozzles. It is therefore important to study the heat transfer characteristics of this gas-droplet two-phase flow produced by the injection of hollow-cone spray into high-temperature crossflow. There are, however, very few studies available in the literature concerning this area of mixing, and the vast majority of spray/ crossflow-related studies only considers the spray characteristics produced by the sprayer (or jet) in crossflows at ambient temperature in a relatively large space (in which the influence of walls can be ignored). This paper aims to reveal the heat transfer characteristics between the hollow-cone spray and the high-temperature crossflow in a small mixing space, and it aims to extend the present knowledge in the area of spray/crossflow mixing.
Among the previous relevant studies of liquid spray (or jets) in crossflows, the most widely studied forms of sprayer or jet are round liquid jets [3] [4] [5] [6] [7] [8] [9] , air-blast or air-assisted sprays [10] [11] [12] [13] [14] , plat-fan sprays [15, 16] , and effervescent sprays [17] [18] [19] [20] . In those works, the authors provided insight into the spray characteristics, droplet dispersion, large-scale vortex structures in crossflow, and the influence of various factors [e.g., liquid injection angle, liquid-to-air momentum ratio (in round liquid jet), or gas-to-liquid flow rate ratio (in effervescent spray)] on these aspects. Comparatively, investigations on the mixing of the hollow-cone spray in crossflow are relatively scarce. The relevant studies in the literature include those of Ghosh and Hunt [21] , Lynch et al. [22] , Prakash et al. [23] , Deshpande et al. [24] , Lee et al. [25] , Gao et al. [26] , and previous works by Bai et al. [27] and Zhang et al. [28] [29] [30] . The studies by Ghosh and Hunt [21] , Lynch et al. [22] , and Lee et al. [25] only focused on the spray characteristics. Deshpande et al. [24] and Gao et al. [26] numerically studied the mixing of hollow-cone spray in crossflow by using simplified atomization models; the characteristics of droplet dispersion were investigated, and the counter-rotating vortex pair (CVP) structure was discovered. In previous investigations by Bai et al. [27] and Zhang et al. [28] [29] [30] , the mixing of hollow-cone spray in crossflow in a small space was studied experimentally. The droplet dispersion, the formation of large-scale vortices, and their interactions were studied. The results showed that, in a small mixing space, the droplet-wall impingement was inevitable and the large-scale vortices such as CVPs and coherent structures, which might exert great influence on the droplet dispersion, were induced in the confined crossflow. However, in all of the aforementioned studies, the spray/crossflow mixings were carried out at ambient temperature. Therefore, it is important to improve the knowledge on the mixing of hollow-cone spray in a confined crossflow at an elevated temperature.
The main objective of this work is to characterize the heat transfer during the mixing of a hollow-cone spray and a confined crossflow at high-temperature conditions. The study is conducted in a rectangular duct, where the airflow is preheated by ac power supplies. Subsequently, the temperatures on several cross sections of the duct are measured using thermocouples. Special emphasis is given to the temperature pattern of the gas crossflow caused by the evaporation of the hollow-cone spray and to the effects of different factors on the temperature pattern. Furthermore, the degrees of the spatial uniformity of the temperature drops on the cross sections are evaluated and the way for mixing enhancement is discussed. This paper is expected to give an insight into the complex mixing process and provide useful data for further numerical and theoretical works.
II. Materials and Methods

A. Experimental System
A schematic diagram of the experimental setup of the hollow-cone spray in a high-temperature crossflow is shown in Fig. 1 . The setup consists of an air supply system, a liquid supply system, an electric forced-air heating system, a test section, and a temperature measurement system. A centrifugal blower is used to generate the desired airflow in the test channel. The air enters the channel under atmospheric conditions via a flow meter, a heater, and a rectifier. The heater consists of several finned electric heating tubes and is heated by ac power supplies, with a maximum air heating power of up to 120 kW. Downstream of the heater, the air enters the rectifier, which consists of a wire mesh and honeycomb to ensure the uniformity and stability of the airflow. The crossflow turbulence is so weak that it makes no significant addition to the spray turbulence. The rectified air flows through the steady flow tube and then into the test channel. To minimize the heat loss, the high-quality insulating material is applied to the outer tube wall of the heating system, the rectifier, the steady flow tube, and the test section. The liquid supply system consists of a pressurized liquid tank and a flow regulation system. The high-pressure nitrogen gas is admitted to the liquid tank to propel the liquid into the rig. The pressure of the nitrogen gas is controlled by the pressure regulator and remains constant during the test. An acetone is used as the working liquid because of its low boiling point (329.4 K). The discharged acetone from the liquid tank passes via the flow meter and then flows through the regulating valves and into the nozzle. A needle valve located ahead of the nozzle is used to regulate the acetone flow rate precisely. The mixing between the spray and the crossflow happens in the test section. Figure 2 shows a sketch of the test section, which is a long, square duct made of stainless steel (304) with a cross section of 0.095 × 0.095 m and a length of 0.73 m, in correspondence with the practical engine structure. The nozzle is located 206 mm downstream from the inlet of the test section. To measure the temperature and the droplet distributions, the forepart of the test section is replaceable and two different sections are designed (see Fig. 2 ). Section 1 is used for the temperature measurement; whereas section 2 is used for the droplet visualization, and its one side is slotted. The cross sections of the flowfield are lit up by the laser sheet, and then the initial spray droplets are captured by a charge-coupled device (CCD) camera.
The coordinate axes used to orient the measurements are centered at the nozzle orifice. The three mutually orthogonal directions (X, Y, and Z) are aligned as shown in Fig. 2 . To evaluate the heat transfer between the spray and the crossflow, a temperature-measuring device is designed to obtain the temperature distributions on four different cross sections (x∕D 2.15, 3.23, 4.30, and 5.39). The temperature is gauged by 45 NiCr-NiSi K-type thermocouples with ∅ 0.3 mm. Since the mixing flowfield is bilaterally symmetrical, the thermocouples are uniformly located on a half-side of the measured cross sections. A detailed view of the positioning of the thermocouples is provided in Fig. 3 .
B. Spray Facilities
Modified commercially available nozzles (KB-series hollow-cone spray nozzle, H. Ikeuchi & Company, Ltd.) are used. In this type of nozzle, the spring is arranged in the cylindrical swirl chamber and four guide channels are made on the orifice, which contribute to the generation of the extremely fine spray droplets under a relatively low spray pressure [28] . In our experiment, the polytetrafluoroethylene (PTFE) closer and orifice are replaced with the stainless-steel ones in order to avoid melting of the PTFE. The nozzle spray angle (θ 80 deg) and the injection angle α are illustrated in Fig. 4 .
A simple heat exchanger is installed upstream of the spray nozzle to keep the temperature of the discharged acetone constant. The cooling water temperature is 283 K, and the temperature of the discharged acetone is maintained at 293 K. The spray nozzle is fixed on the test section via a pedestal, which also has the function for the adjustment of the nozzle injection angle (see Fig. 5 ). 
C. Test Procedures and Uncertainty Analysis
Our experiments were performed at the ambient pressure. The initial atomized droplet diameter (Sauter mean diameter D 32 ) of the spray is measured by using a Malvern Mastersizer particle size analyzer before the experiment at ambient temperature, and the detailed experimental conditions are shown in Table 1 . At first, we regulated the flow volumetric flow rate of the air and the pressure of the acetone under the predetermined operating condition, opened the valve of the cooling water, and heated the air to the desired temperature. Then, we opened the spray controlling valve when the air temperature was stable. Finally, we measured the flowfield temperatures on the different cross sections with the different injection angles when the flowfield became steady. Simultaneously, we collected the experimental data with a data acquisition system (National Instruments). A CCD camera captured the droplet distributions on the cross sections of the flowfield.
The uncertainties of measurement depend on the experimental conditions and the measuring instruments. The uncertainties of variables are given in Table 2 . The measuring error of pressure is estimated through the precision of the pressure transmitter and the data acquisition board, which are 0.01 and 0.02%, respectively. The uncertainties in the temperature measurements are estimated with the error of the thermocouples and the error of the data acquisition board, and the maximum error of the thermocouples is 1.5°C. The mean gas flow rate is measured with the vortex shedding flow meter with a variation of less than 2%. Therefore, the uncertainty in the crossflow velocity that depends on the accuracy of the volume flow measured with the vortex flow meter, and on the precision of the temperature measured by the thermocouple, is less than 3%. The mass flow of the acetone is measured with an electromagnetic flow meter with an uncertainty of 1%. Keller pressure sensors with an uncertainty of 0.01% are used to precisely control the pressure drop over the nozzle. To validate the experimental results, we conduct two independent experiments under each of the testing conditions.
III. Results and Discussions
A. Temperature Distribution Pattern on Cross Section
By using the cubic spline interpolation method, the continuous temperature distribution in the measuring region (half of a cross section) is calculated based on the temperatures measured on discrete points. Since the flowfield is symmetric, the temperature distribution on the whole cross section is obtained and the temperature contour map of the cross section is produced by employing MATLAB. In the experiments, it is found that most of the droplets evaporate completely ahead of the first temperature measurement cross section and, at the last (forth) temperature measurement cross section, the droplets are scarce. Hence, we can consider that the evaporation of the spray is accomplished in the temperature measurement domain. The typical droplet distributions on different cross sections of the mixing Article in Advance / ZHANG AND BAI flowfield near the nozzle are shown in Fig. 6 . From the droplet distributions, we can see that the spray features a conical distribution at first; then, as the mixing develops, the conical spray structure disappears gradually and the droplet distribution tends to be uniform, accompanied by the dispersion and evaporation of the droplets. In addition, a high concentration of droplets is observed near the sidewall. The temperature distributions are measured on the cross sections located relatively far downstream (x∕D > 2) of the spray (see Fig. 7 ). It can be seen clearly that the temperature distribution on the cross sections is evidently nonuniform. Large temperature drop occurs in the upper middle part of the cross sections, where the droplet concentration is high, and in the middle part near the sidewalls, where the droplet-wall impingement takes place. The moderate temperature-drop areas are mainly located in the middle and lower parts of the cross section. Apart from the areas close to the top corners, two small low-temperature-drop areas (high-temperature spots) are seen in the lower part of the cross section. This temperature pattern can persist for a relatively long distance along the mixing flowfield. As the droplet evaporation and vapor convection continue, the areas for lower-and higher-temperature regions shrink and the temperature differences among different regions diminish gradually.
The reasons for this unique temperature pattern are the polydispersed hollow-cone spray droplets and the spray-wall impingement process. For a hollow-cone spray, the droplet concentration is large near the nozzle and decreases rapidly as the droplets disperse. Thus, in the upper middle part of the mixing flowfield, the fierce evaporation of droplets is caused by the interaction between the hot gas flow and the high concentration of droplets, and hence large temperature drops result in this area; but, beyond this region, the temperature drops of the crossflow decrease with decreasing droplet concentration. Since the mixing space is small, the droplet impingement on the sidewalls is inevitable. When the spray impinges on the hot wall, a thin liquid film will form on the wall surface; thereafter, the succeeding droplets impinge on the liquid film [31] . The blowingupward boiling vapor caused by the hot wall and the droplet-film impingement will make the film or the impinging droplets break up into small "splashing" droplets. Hence, due to the droplet impingement and the interaction between gas flow and the resultant high concentration of droplets, the intense heat transfer happens in this area and a large temperature drop is thus achieved. In our previous studies on the cold state mixing of the hollow-cone spray with a confined crossflow [28, 29] , under the combined effects of shear stress on the gas flow exerted by the high-speed spray droplets and the spray-wall impingement, a counter-rotating vortex pair (CVP) is formed in the lower part of the flowfield where small droplets can be entrained by the rotary gas flow. In this study of hollow-cone spray mixing with a high-temperature crossflow, two obvious hightemperature spots are observed in the lower part of the cross section of the flowfield (see Fig. 7 ). This indicates that the CVP is induced and the high-temperature spot is generated in the vortex core region where the convection is relatively weak. Apart from the vortex core regions, the heat transfer is promoted in the lower part of the flowfield because of the entrained cooled gas flow (from the droplet-wall impingement region). In the area close to the top corner, the droplets are scarce, and thus the temperature drop is low. Based on the aforementioned analysis and the features of temperature distribution, the flowfield of hollow-cone spray mixing with a confined hot crossflow can be divided into five regions (see Fig. 8 ), namely, the corner region (I), spray region (II), droplet-wall impingement region (III), mainstream region (IV), and bottom CVP region (V). Clearly, the largest temperature drops occur in the spray region (II) and droplet-wall impingement region (III), followed by mainstream region (IV), and then the bottom CVP region (V) and corner region (I).
From the preceding discussion, we know that the temperature pattern of the hollow-cone spray/crossflow mixing flowfield is primarily determined by the evaporation and dispersion characteristics of spray droplets, and the distribution of five regions as well as the temperature drop on them should be strongly influenced by the spray and crossflow conditions. Thus, the influences of different parameters on the temperature pattern such as the crossflow velocity, crossflow temperature, and liquid flow rate are investigated. First, a simply droplet evaporation model that will be used in the analyses is given here. According to the studies on droplet evaporation [32, 33] , the evaporation rate of a spherical droplet in high-temperature gas flow can be expressed in terms of heat transfer by
where the heat transfer number B T and the Nusselt number Nu are given, respectively, by
where the coefficients A and B vary in different models, and the Reynolds number Re d , is given by
The temperature patterns on cross sections along the flowfield under different spray and crossflow conditions are given in Figs. 9a-9d. As can be seen in these figures, clear differences of temperature drop in five regions are observed. From Figs. 9a and 9b , we can see the influence of crossflow velocity on temperature drop on the cross sections. We find that the increase in crossflow velocity exerts great influence on the temperature drop in the spray region (II) and the bottom CVP region (V). Based on the droplet evaporation model, we know that, when crossflow velocity increases, the initial relative velocity U rel becomes larger, and thus a higher droplet evaporation rate will be expected. However, on the other hand, when the crossflow velocity increases, the spray penetration depth will decrease due to the increased crossflow momentum; thereby, the droplet dispersion in the transverse direction becomes weaker. Hence, a smaller temperature drop is observed in the corner region (I) and a smaller spray region (II) is observed in the upper part of the flowfield in the case with higher crossflow velocity (see in Fig. 9b ). In addition, because of the higher evaporation rate and the lower spray penetration depth caused by the increase of crossflow velocity, fewer droplets can reach the bottom region of the flowfield, and thus the temperature drop becomes smaller in this region.
The influences of the crossflow temperature on temperature drop on the cross sections can be seen in case 2 (see Fig. 7 ) and case 1(see Fig. 9c ), in which the crossflow temperatures are 573 and 473 K, respectively, whereas the crossflow velocity (U g 10 m∕s) and the spray conditions are same. From Eqs. (1) and (2), we know that, when the gas flow temperature decreases, the droplet evaporation rate will decrease as a result of a smaller heat transfer number B T ; thus, the droplets can disperse further and the spray penetration depth increases. Therefore, for a lower crossflow temperature condition, a smaller temperature drop in the spray region (II) is produced and the size of this region shrinks more quickly; an intensified droplet-wall impingement process is triggered with more droplets involved, and thus a larger droplet-wall impingement region is caused; and the heat transfer in the lower part of the flowfield is enhanced obviously as a consequence of an increase in spray penetration depth. In addition, we can find that the decrease in crossflow temperature can also produce a weak heat transfer in the top corner region (I) (see case 1).
For a given hollow-cone spray, the characteristics of initial spray droplets such as the droplet size, the droplet concentration, and the droplet speed have a clear relation to the liquid flow rate. It is hard to vary one parameter while keeping the others constant. Hence, the influence of the liquid flow rate on the temperature drop on the cross sections is analyzed qualitatively here. Figure 9d shows the temperature distributions on cross sections of the flowfield under the condition of U g 40 m∕s, T g 573 K, and _ m l 2.57 (case 6 in Table 1 ). Comparing case 6 with case 5, in which the crossflow parameters are the same and the initial spray droplets sizes D 32 are similar, we can see that when the liquid flow rate increases, except for the top corner region (I): an obvious increase of temperature drops on the cross sections is obtained. This is because the increase in the liquid flow rate leads to an increase in the number and the velocity of initial spray droplet. The droplet concentration increases can increase the evaporation amount. Base on the droplet evaporation model [Eqs. (1-4) ], the droplet velocity increases can enlarge the relative velocity U re ) between droplet and gas flow; thereby, a larger Nusselt number N u is produced and the evaporation of the droplet is promoted, which all contribute to the heat transfer between the spray and the gas flow, and thus a larger temperature drop is obtained. In addition, the increase in droplet number and the droplet velocity will intensify the droplet-wall impingement process and promote the formation of the CVP, resultantly enhancing the droplet evaporation in the droplet-wall impingement region (III) and the convective heat transfer in the lower part of the flowfield.
To better understand the influence of spray parameters on the temperature pattern, another nozzle with larger orifice that can produce a large size of droplets under a low spray pressure, is investigated. The temperature distributions on cross sections of the flowfield under two crossflow velocity conditions with ΔP 0.4 MPa are shown in Figs. 10a and 10b (cases 8 and 9 in Table 1 ). In case 3 (see Fig. 9a ) and case 8 (see Fig. 10a ), the crossflow conditions and the spray pressure drop in both cases are same and the initial droplet velocities are similar; hence, the influence of the spray droplet size on the temperature pattern can be discussed qualitatively. We can find that, in the case with larger droplet size (case 8), compared with the small droplet size case (case 3), an obvious increase in Article in Advance / ZHANG AND BAI temperature drop is obtained over the whole cross section. The main reason for this should be the increase in the evaporation rate with increasing droplet size [see Eq. (1)]. In addition, as the droplet size increases, the droplets can penetrate further into the mainstream and a fiercer droplet-wall impingement will be induced due to the increased droplet momentum. Hence, larger temperature drops are achieved in these two regions due to the promoted droplet evaporation. In the lower part of the section, a stronger CVP structure should also be generated, and thus a larger temperature drop is observed due to the enhanced convection heat transfer. Figure 10b shows the measured results under a larger crossflow velocity (compare with the case in Fig. 10a) condition. From Figs. 10a and 10b , we can find that, as was observed in Figs. 9a and 9b , the crossflow velocity increases will make the temperature drops in the mainstream region (IV) and bottom CVP region (V) decrease obviously. This is because the crossflow momentum increases with increasing velocity; as a result, fewer droplets can disperse into the mainstream owing to the decreased spray penetration depth; the droplet-wall impingement becomes weaker, and the large momentum gas flow is not conducive to the formation of the CVP.
The comparisons of the temperature drops along the central line of the measured cross sections under different conditions are shown in Fig. 11 . As can be seen, from top to bottom, the temperature drop on the central line shows a rapid increase first and peaks in the spray region (II); after that, it decreases gradually in the mainstream region (IV) while the area near the bottom region experiences a slight increase due to the enhanced convection heat transfer caused by the bottom CVP. The increases in the crossflow temperature and in the liquid flow rate both contribute to the increase of temperature drop in the spray region (II) (see Figs. 11b and 11d) . It should be noticed that, in the condition of large droplet size and low crossflow velocity, a significant increase of temperature drop is observed near the bottom of the section due to the strong CVP structure; as the vortices develop, the convection heat transfer is promoted and along the four measured cross-sections continued increase in the temperature-drop in this region is thus obtained (see Fig. 11e ).
B. Influences of Spray Injection Angle
It has been found that, for the liquid spray in crossflow, the spray injection angle has a great influence on the spray and the droplet dispersion [8, 28, 29] . Hence, it should also have great influence on droplet evaporation. Therefore, the effects of the injection angle on the temperature pattern are investigated in this section. The temperature and droplet distributions on the measured cross sections for α 60 deg (the spray is inclined forward) and α 120 deg (the spray is inclined backward) are shown in Fig. 12 . We can see that, for both inclined spray cases, the five-region temperature pattern is also observed on different cross sections. Compared with the case of α 90 deg (the case in Fig. 9c ), the location of the spray region (II) moves upward and the temperature drops in mainstream region (IV) decrease remarkably; the location of the droplet-wall impingement region (III) moves upward, and the temperature drops in this region reduce obviously for α 60 deg while increasing slightly for α 120 deg. In addition, in the case of α 60 deg, the spray region (II) becomes flatter and the area of the mainstream region (IV) enlarges. The reason for these aforementioned phenomena is that, compared with α 90 deg, when the spray is injected into the crossflow with an inclination angle, the locations of the initial spray droplets move upward and the spray penetration depth reduces; thus, the spray region (II) and the droplet-wall impingement region (III) move upward and, in the mainstream region (IV), lower temperature drops result due to the reduced concentration of droplets. For an inclined forward spray (α 60 deg), the relative velocity U rel between the crossflow and the droplets increased; thus, the evaporation rate of the droplets becomes larger and, as a result, a weaker droplet-wall impingement is generated due to the fact that fewer and smaller droplets will impinge on the wall after the intensified vaporization in the spray region (II). In contrast, for the inclined backward spray (α 120 deg), an enhanced droplet-wall impingement is induced due to the decreased droplet evaporation rate caused by the reduced relative velocity U rel between the crossflow and the droplets. In addition, compared with the cases of α 90 deg and α 120 deg, in the case of α 60 deg, the upward-moved spray region (II) and the enhanced droplet vaporization in this region will make the area of the mainstream region (IV) enlarge and the temperature drops in it decrease. Furthermore, for the cases of α 60 and 120 deg, the downward velocity component of the droplets on the leeward side of the spray and the upwind side of the spray increase, respectively, which will intensify the interactions between these droplets and the crossflow and contribute to the formation of the bottom CVP; thus, the heat transfer near the bottom wall is enhanced.
The temperature distributions on the cross sections of the mixing flowfield under different conditions with α 60 and 120 deg are shown in Fig. 13 . Based on Figs. 12a and 13a1 , we can find that, as was discovered in the case of α 90 deg, the increase in crossflow temperature can enhance the droplet vaporization in the spray region (II); thereby, the number and size of droplets in the mainstream region (IV) reduce, and lower temperature drops in this region result (see Figs. 12a, 13a1, and 13b1) ; the increase in crossflow velocity will inhibit the droplet dispersion in the transverse direction and reduce the spray penetration depth; thus, the spray region (II) shrinks and temperature drops in the mainstream region (IV) decrease. In addition, the droplet-wall impingement becomes weaker due to the increased gas flow momentum (see Figs. 12a, 13a2, and 13b2 ).
C. Uniformity of Temperature-Drop Distribution on Cross Sections
For a good mixing of spray in crossflow, the heat transfer between the droplets and the gas flow should be sufficient and a good uniformity of temperature drops in the flowfield should be achieved in a short mixing distance. In this section, the uniformities of the temperature drops on the cross sections under different conditions are analyzed based on the spatial uniformity index ξ. Here, the spatial uniformity index ξ is defined based on all the temperature drops measured on the cross section using the variance method:
with
where ΔT i is the temperature drop at the measurement point i; ΔT is the temperature drop average of the cross section; and n is the number of measurement points on the cross section. When the temperature drops are uniform on the cross section, ΔT 1 ΔT 2 · · · ΔT n ΔT, and ξ 1. It follows that the greater the value of ξ, the closer the temperature drop is to a uniform distribution. The spatial uniformity indices of the temperature drop on the cross sections under different conditions with α 90 deg are given in Fig. 14. As can be seen, the spatial uniformity index increases along the mixing flowfield for all measured conditions, and the increase indicates that the mixing is improved along with the convection and conduction. The results in cases 1 and 2 indicate that, under the same spray condition, a worse mixing would be obtained as a result of a reduction in the crossflow temperature, which can lead to a more intense spray-wall impaction and a larger area of droplet-wall impingement region (III). The results in cases 2-5 show that the mixing becomes worse as a result of an increase in the crossflow velocity, which can produce a smaller area of the spray region (II) and a weaker heat transfer in the bottom CVP region (V). The results in cases [6] [7] [8] [9] show that the mixing is promoted by an increase in the liquid flow rate and the spray droplet size, which can increase the concentration of droplets and droplet momentum, and thereby enhance the heat transfer in the spray region (II) and the bottom CVP region (V). A comparison of the spatial uniformity indices on the last Article in Advance / ZHANG AND BAI Article in Advance / ZHANG AND BAI measurement cross section (x∕D 5.39) for five injection angles is shown in Fig. 15 . We can see that, in the case of T g 573 K, the mixing uniformity increases as the injection angle gets closer to vertical injection (α 90 deg), which can enhance the convection heat transfer in the bottom CVP region (V). However, in the case of T g 473 K, the maximum uniformity occurs when the spray is inclined forward (α 75 deg), which can increase the area of the spray region (II) and weaken the spray-wall impaction. These results lead to a conclusion that the mixing uniformity can be improved by promoting the heat transfer in the spray region (II) and the bottom CVP region (V), and they can become worse when an intense spraywall impingement occurs.
The underlying cause of the phenomena in Figs. 14 and 15 is related to the spray penetration depth. For a low spray penetration depth, the heat transfer in the lower part of the flowfield [bottom CVP region (V)] is weak due to both the low droplet concentration and the weak convection, and thus a poor mixing results. In contrast, for a large spray penetration depth, a poor mixing will also be obtained, but it will be due to the intense spray-wall impingement. Hence, in the case of T g 473 K (e.g., case 1), a poor mixing is produced because Article in Advance / ZHANG AND BAI of the large spray penetration depth (the evaporation rate of droplets is small), which can lead to an intense spray-wall impaction; and a better mixing can be obtained by decreasing the spray injection angle (forward), which can reduce the spray penetration depth, and thereby weaken the spray-wall impaction, and enhance the heat transfer in the spray region (II). In the case of T g 573 K (case 2-9), the spray penetration depth becomes small due to the increased evaporation rate of droplet; thus, the increase in droplet momentum and decrease in crossflow velocity, as well as the injection angle getting closer to vertical injection (α 90 deg), can improve the mixing as a consequence of an increase in the spray penetration depth, which can promote the heat transfer in the bottom CVP region (V). Therefore, we can conclude that, for the mixing of hollow-cone spray in hightemperature crossflow, a good mixing can be achieved with a proper spray penetration depth.
It is still difficult to determine the optimum penetration depth of a hollow-cone spray mixing with a hot crossflow in a confined space, in which the mixing is largely affected by droplet vaporization and droplet-wall impingement. The optimum penetration depth will undoubtedly vary with crossflow conditions and the geometries of mixing space. Zhang et al. [29] previously proposed a criteria number J, which could well evaluate the distribution pattern of droplets of hollow-cone spray in crossflow in a rectangular duct at ambient temperature. The expression of J is given by
where _ M l is the mass flow rate of the liquid spray in kilograms per second. J considers the initial state of the spray droplets and the liquid flow rate, as well as the diameter of the mixing duct; and results show that the droplet distributions are similar for approximate J values. However, this criteria number does not consider the droplet vaporization and the spray injection angle, which undoubtedly will exert great influence on droplet dispersion and droplet-wall impingement in a hot mixing process. A good criteria number for the mixing of hollow-cone spray in hot crossflow in a confined space should at least include three important factors: 1) the evaporation rate of droplets, which is related to the heat transfer number B T and the Nusselt number N u ; 2) the droplet-wall impingement, which is related to the Weber number We of the droplet immediately before impingement and the wall temperature; and 3) the droplet dispersion, which is related to the spray angle θ, the spray injection angle α, the geometry of the mixing space, and the droplet size and velocity. These three factors are not independent, and they affect each other. More experimental and theoretical work is still needed for a better understanding of the mixing process.
Though insufficient data were obtained to statistically evaluate the mixing between the hollow-cone spray and hot crossflow in a confined space, this study gives an insight into the complex mixing process between hollow-cone spray and hot crossflow in a confined space by providing the temperature pattern of the mixing flowfield. The experimental results can give a good reference for further experimental and theoretical studies, and it is anticipated to contribute to developing numerical models of the mixing process.
IV. Conclusions
The heat transfer between the hollow-cone spray and the gas crossflow in a rectangular duct is investigated experimentally. The temperature pattern of crossflow caused by the evaporation of the polydispersed spray droplets is obtained, and the underlying formation mechanism is analyzed. The effects of different factors on the temperature pattern are discussed. The uniformities of the temperature drops on the measurement cross sections under different conditions are evaluated, and a comparison among them is made. The conclusions are as follows:
1) In a confined mixing space, the heat transfer between the hollow-cone spray and crossflow is significantly affected by the walls due to the droplet-wall impingement. The polydispersed hollow-cone spray droplets and the droplet-wall impingement make the heat transfer on the cross section of the flowfield inherently nonuniform.
2) According to the heat transfer mechanisms, the cross section of the mixing flowfield can be divided into five regions, namely, the corner region (I), the spray region (II), the droplet-wall impacting region (III), the mainstream region (IV), and the bottom CVP region (V). Larger temperature drops occur in the spray region (II) and droplet-wall impingement region (III), followed by the mainstream region (IV), and then the bottom CVP region (V) and corner region (I). The bottom CVP contributes to the convection heat transfer in the lower part of the flowfield. It can be promoted by increasing droplet momentum, which can be weakened by increasing the crossflow velocity and crossflow temperature.
3) The spray injection angle has significant influence on the temperature pattern of crossflow. As the spray injection angle is decreased (spray forward), the heat transfer is enhanced in the spray region (II) but weakened in the droplet-wall impingement region (III) and bottom CVP region (V). As the spray injection angle is increased (spray backward), the heat transfer is promoted in thje droplet-wall impacting region (III) but weakened in the bottom CVP region (V).
4) The spray penetration depth is a determining factor for the mixing between hollow-cone spray and high-temperature crossflow. For the case of weak spray penetration depth, the mixing can be improved with the increase in droplet momentum and decrease in crossflow velocity, as well as the injection angle getting closer to vertical injection (α 90 deg ), as a result of an enhancement in the convection (heat transfer) in the bottom CVP region (V) due to the increased spray penetration depth. For the case of large spray momentum where intense spray-wall impaction occurs, the uniformity can be improved by decreasing the spray injection angle (spray forward) as a consequence of the weakened spray-wall impaction.
